This minireview summarizes our current knowledge about archaeal genetic elements in the hyperthermophilic order Thermococcales in the phylum Euryarchaeota. This includes recent work on the first virus of Pyrococcus, PAV1, the discovery of novel unique virus morphotypes in hot deep-sea environments, and preliminary observations on novel cryptic plasmids. We also review the work accomplished over the last 5 years in the development of genetic tools for members of the Pyrococcus and Thermococcus genera, mainly in our laboratories.
Introduction
Deep-sea hydrothermal vents were discovered in 1977 at a depth of 2600 m near the Galapagos Islands. For the first time, an ecosystem apparently independent of solar energy was discovered on Earth. Since then, many other sites have been discovered and explored by manned deep-sea submersibles and ROV (remote operating vehicle) in the Atlantic and Pacific Oceans, at depths ranging form 800 to 3500 m.
Microbiologists focused their investigations on black smokers because of the hot fluids venting out at 350
• C, and isolated a great diversity of micro-organisms from smoker walls or debris. These prokaryotic organisms belong to both the Bacteria and Archaea domains [1] . Some are thermophilic (optimal growth temperature >60
• C) or hyperthermophilic (optimal growth temperature >80
• C). Most are anaerobes and show a large variety of metabolisms, e.g. peptide fermenters, sulphate and sulphur reducers, and methanogens, and represent novel species and even novel genera. Among them is the famous Pyrolobus fumarii which grows optimally at 110
• C and up to 113
• C, and represents the most extreme hyperthermophile known [2] .
Diversity and importance of Thermococcales
Within the microbial communities that inhabit these hydrothermal environments, Thermococcales have been frequently isolated from marine geothermal environments with 38 species currently described (about half from deepsea vents) within the genera Pyrococcus, Thermococcus and Paleococcus, and certainly hundreds of isolates are preserved in various laboratories across the world. These anaerobic neutrophilic heterotrophic sulphur-reducing and hyperthermophilic organisms are nevertheless relatively easy to handle and grow in the laboratory, probably because they can resist oxygen exposure at room temperature [3] . So they have become widely studied model micro-organisms in various fields of investigation, such as adaptation to extreme temperature, molecular deciphering of DNA replication mechanisms in Archaea, phylogeny and genome evolution [mediated by way of MGEs (mobile genetic elements)] [4] , and the genes they carry could prove to be rich and valuable sources of biotechnologically important products. For these reasons, intensive efforts have been made to complete the genome sequence of members of Thermococcales, leading to the availability of genome sequences for three species of Pyrococcus, i.e. P. abyssi [5] , P. furiosus [6] and P. horikoshii [7] , in addition to current projects to sequence two other species of the genus Thermococcus, T. kodakaraensis (presented at Thermophiles 2003 as poster presentation P1.22a; T. Fukui and co-workers) and T. gammatolerans (Y. Zivanovic, F. Confalonieri, P. Forterre and D. Prieur, unpublished work).
P. abyssi as a model organism
The first deep-sea Thermococcale, Pyrococcus abyssi, was isolated from a deep-sea hydrothermal vent in the North Fiji Basin [8] . This novel species appeared rapidly as a performing archaeal model for physiology, such as studies into responses to hydrostatic pressure, starvation and ionizing radiation [9] , and more recently enzymology and biotechnology. Thermostable enzymes including a novel alkaline phosphatase [10] and DNA polymerases I and II [11] have been fully characterized. Moreover, DNA polymerase I has been patented for application in high-fidelity PCR [12] . The structural and functional conservation of some proteins involved in DNA replication between Thermococcales and human, e.g. PCNA, RF-C and RP-A [13] or CDC6/Orc1 [14] , raised considerable interest in elucidating the DNAreplication machinery in Pyrococcus.
However, owing to the lack of tractable gene-transfer systems for Thermococcales, advances in genetics have been very limited and have precluded the ability to study the regulation of gene expression or to evaluate gene function in natural hosts. To circumvent this problem, intensive efforts have been focused on the MGEs they host, because plasmids and viruses represent the basis for the development of powerful genetic tools.
Plasmids of Thermococcales
In contrast with the situation in the terrestrial aerobic hyperthermophilic crenarchaeon Sulfolobus genus, for which a wide variety of viruses and plasmids have been described (for a review see [15] ), very few genetic elements have been reported so far in the hyperthermophilic euryarchaeotes. The first was a small (3.5 kb) cryptic plasmid found in a high copy number in strain GE5 of the novel species P. abyssi [16] . This plasmid, named pGT5, was fully sequenced, and it was demonstrated for the first time in a hyperthermophilic micro-organism that its replication proceeds via a rolling-circle mechanism [17] . Later on, a functional plasmid-encoded replication initiator, the protein Rep75, was expressed in Escherichia coli and its mechanism of action and regulation were investigated [18] [19] [20] . Plasmid pGT5 also served as a model to investigate the DNA topology in hyperthermophiles. It was shown for the first time that in contrast with all plasmids known before, which were found negatively supercoiled, pGT5 was relaxed to slightly positively supercoiled under physiological conditions, i.e. at high growth temperatures [21] . Recently, the complete sequence analysis of a novel small (3.3 kb) plasmid from a deep-sea Pyrococcus sp. was reported [22] . This plasmid, pRT1, also replicated via the rolling-circle mechanism and its protein Rep was shown to have significant sequence similarity with the Rep75 of pGT5.
To assess the diversity of Thermococcale MGEs and to increase the number of these elements available for laboratory-based genetic studies, we have undertaken an extensive screening in Thermococcales strains isolated in our laboatory over the last 4 years from deep-sea hydrothermal vents located at various sites on the East Pacific Rise, the Southwest Pacific Ocean, the Mid-Atlantic Ridge and the Central Indian Ridge. Of over 190 strains purified by plating on gelrite plates, 40% were found to harbour at least one plasmid, suggesting that these elements play important roles in the biology of the hyperthermophilic microbial communities from deep-sea vents [23] . These plasmids have been first classified as a function of their size, origin and restriction fragment length polymorphisms. The plasmid size ranged from 2.8 to more than 35 kb (the most frequent size encountered being between 10 and 15 kb), distributed in 25 distinct restriction fragment length polymorphisms. Each plasmid type, which can be carried by several strains, was unique and usually corresponded to one specific sample, with few exceptions. To investigate the relationships between the different plasmid types, a representative of each type was used for DNA crosshybridization on Southern blots. This analysis showed an unexpectedly high degree of cross-hybridizations between different types of the same hydrothermal site but also between types from distant geographic areas (e.g. East Pacific and midAtlantic). These results indicate that these plasmids copiously shared homologous regions and suggest the likely existence of horizontal transfer and gene shuffling. To elucidate the function of these common regions, four plasmids (of 3, 13, 15 and 38 kb respectively) were cloned in E. coli and their genomes are currently being sequenced (G. Erauso, A. Bidault, M. Le Romancer and D. Prieur, unpublished work).
Viruses and VLPs (virus-like-particles) of Thermococcales
In the course of this screening, VLPs were also discovered for the first time among deep-sea neutrophilic hyperthermophiles. In recent years, a number of new and interesting virus families infecting hyperthermophilic Archaea have been described. Surprisingly, all of them were recovered from the phylum Crenarchaeota, mostly among representatives of the order Sulfolobales [24] , whereas no viruses were described in the hyperthermophilic members of the phylum Euryarchaeota.
From nearly 100 positive enrichment cultures realized in a medium designed to enrich Thermococcales and cultivated at 85
• C, several VLPs were detected by electron microscopy in 16 different samples. Unexpectedly, an important diversity of morphological types was observed, including lemon-shaped, stiff and flexible rods previously described as three novel virus families unique in hyperthermophilic Crenarchaeota [24] . Novel morphotypes such as 'spoon-shaped' and spindle particles with bipolar expansions ( Figure 1A ) were also discovered which had not been previously reported in prokaryotes [25] but which, astonishingly, have recently been reported from terrestrial solfataric fields in Iceland and in the Yellowstone National Park, U.S.A. [26, 27] . One of these VLPs was purified successfully from a strain of P. abyssi and has been further characterized [28] . This particle, named PAV1 (for Pyrococcus virus 1), is lemon-shaped (120 nm × 80 nm) with a short tail terminated by fibres ( Figure 1B) resembling the virus SSV1, the type member of the archaeal virus family Fuselloviridae infecting the hyperthermophilic crenarchaeon Sulfolobus shibatae [28] . PAV1 is maintained in its natural host in a stable 'carrier state', i.e. not lytic or lysogenic, a state that seems common in viruses from hyperthermophiles [15] . Accordingly, none of the potential stimuli we tested, such as UV or γ irradiation, mytomycin C, or heat or pressure shocks, influenced virion production. Attempts to infect other potential hosts among our strain collection, either with virus suspension or naked viral DNA, were unsuccessful. PAV1 particles contain a double-stranded circular DNA of 18 kb which is also present in high copy number (more than 50 copies per host chromosome) as free plasmid form in the host cells whereas no integrated prophage DNA was detected in the host chromosome. The viral genome was cloned and sequenced (C. Geslin, G. Erauso, Analysis of the complete nucleotide sequence allowed us to identify 24 open-reading frames. BLAST searches revealed that none of these open-reading frames had significant similarities to proteins in the databases. However, searches for structural and functional motifs and domains revealed that two of the largest open-reading frames (676 and 678 amino acids respectively) possess two sialidase domains, which are common to a large family of glycosyl hydrolases including many viral enzymes (in Bacteria and in Eucarya) involved in virus entry or release from the host cell. Four other open-reading frames corresponded to DNA-binding proteins probably involved in replication and maintenance functions, including an open-reading frame homologous to a hypothetical transcription regulator previously identified in several plasmids from hyperthermophilic Archaea [22, 29] .
Development of genetic tools
In parallel with this intense screening effort for Thermococcales MGEs, the first plasmid discovered in our laboratory (pGT5) was used as a base for the construction of a first generation of shuttle vectors, and the development of a transformation method [30] . This work was greatly facilitated by pioneer works accomplished in our laboratory by Erauso and Watrin who developed an efficient plating technique [31] , designed a minimum medium [32] and carried out the first search for selection markers in Thermococcales [33, 34] and isolation of the first auxotrophic mutants of P. abyssi [35, 36] .
Shuttle vectors were constructed based on the endogenous plasmid pGT5 of P. abyssi strain GE5 and the bacterial vector pLitmus38. As no antibiotic resistance marker was currently available for Pyrococcus, we generated a selectable auxotrophic marker. Uracil auxotrophs resistant to 5-fluoorotic acid (5-FOA) were isolated from P. abyssi strain GE9 (devoid of pGT5). Genetic analysis of these mutants revealed mutations in the pyrE and/or pyrF genes encoding key enzymes of the pyrimidine biosynthetic pathway. Two pyrE mutants exhibiting low reversion rates were retained for complementation experiments. For that purpose, the pyrE gene, encoding orotate phosphoribosyltransferase of the thermoacidophilic crenarchaeote Sulfolobus acidocaldarius, was introduced into the pGT5 based vector giving rise to pYS2. Using a polyethylene glycol/spheroplast method we could reproducibly transform P. abyssi GE9 pyrE − mutants to prototrophy, although with low frequency (10 2 -10 3 transformants per µg of pYS2 plasmid DNA). Transformants grew as well on minimal medium without uracil as the wild-type and showed a comparable orotate phosphoribosyltransferase activity. Vector pYS2 proved to be very stable and was maintained at high copy number under selective conditions in both E. coli and P. abyssi.
Recently, the same pyrE marker was used to set up a gene-knockout system in another Thermococcale, T. kodakaraensis, the genome sequencing of which has just been completed (T. Fukui and co-workers, Poster P1.22a, Thermophiles 2003). The authors reported that they successfully obtained disruption of the trpE gene by insertion (mediated by homologous recombination) of a wild-type copy of pyrE carried by a suicide plasmid. The resulting transformants had restored uracil prototrophy and became tryptophan auxotrophs [37] . Such a system, combined with the autonomously replicating vectors we constructed for Pyrococcus, certainly opens new avenues in investigating gene function in Thermococcales.
Concluding remarks
This shuttle vector and transformation procedure should be improved in the near future, and several projects in this domain are currently running in our laboratories. It is also possible that among the tremendous diversity of MGEs (plasmids and viruses) already detected, one particular MGE may serve as a novel base for second-generation genetic tools.
Concerning the diversity of MGEs and particularly of viruses, there is a remarkable parallel between the richness and novelty of viruses and VLPs that we have found in deep-sea hydrothermal vents and that already described in terrestrial solfataric fields. Such extreme environments (high temperatures, low pH values, high levels of ionizing radiations, elevated hydrostastic pressures) do not reduce the biological diversity but on the contrary seem to be home to a flourishing abundance of novel viruses and plasmids that have no equivalent in 'normal' (mesophilic) natural environments. Another important point is the striking similarity between the novel virus morphotypes discovered in hyperthermophiles from two distinct phyla, the Crenarchaeota and the Euryarchaeota, compared with the head-tailed morphotype (typical of bacteriophages) that seems to prevail in the mesophilic Bacterial and Archaeal world. This observation raises interesting questions regarding the origin and evolution of viruses and of their hosts. Certainly it emphasizes the importance of getting the genomes of more of these 'exotic' viral forms sequenced to afford meaningful studies addressing such fundamental questions. The same novel MGEs may in turn be instrumental in the exploration of the genetics and evolution of their host.
